The 16S ribosomal RNA of the Euglena gracilis chloroplast has been characterized in terms of its two-dimensional electrophoretic "fingerprint" (TI ribonuclease). Results show it to be a typically prokaryotic 16S rRNA. By the present criterion, different chloroplasts are shown to be related to one another and at least distantly to blue-green algae and perhaps to Bacillaceae. These results argue in favor of an endosymbiont origin of the chloroplast.
Evidence suggests that various intracellular eukaryotic organelles evolved from endosymbiotic prokaryotes (1) . For chloroplasts, similarities with prokaryotes are found for photosynthetic membranes (2, 3) , ribosomes (4) , and pathways of CO2 fixation and photoelectron flow (5, 6) . Also, symbiosis between blue-green algae and a variety of eukaryotic cells occurs frequently (7) . Thus, the most likely endosymbionts postulated to give rise to the chloroplast are the Cyanophytes (1, 7) . Although there is much circumstantial evidence for both the general and the specific conjectures concerning endosymbiosis, a definitive molecular support for any endosymbiotic origin of eukaryotic organelles has yet to be furnished.
Phylogenetic relationships among prokaryotes can be established by means of primary structural characterizations of the larger ribosomal RNAs (8, 9) . Thus, if the chloroplast arose from an ancestral prokaryote, the chloroplast ribosome should carry this organelle's pedigree. A primary structural characterization of the chloroplast 16S rRNA should then test the validity of the prokaryote-endosymbiont hypothesis.
To date, more than 30 prokaryotic 16S rRNAs and eukaryotic 18S rRNAs have been characterized in terms of their (T1 ribonuclease) oligomer "fingerprints" Woese et al., unpublished) . These rRNAs exhibit primary structural features common to all and/or common to various subgroups, but show little, if any, resemblance to the eukaryotic 18S rRNAs. Against this molecular background, then, it is possible to make reasonably definitive conjectures about the origin of the chloroplast.
We present here the results of a "fingerprint" analysis of the chloroplast 16S rRNA of the unicellular flagellate, Euglena gracilis. This organism was chosen since chloroplasts and chloroplast ribosomes can be isolated from it free of significant contamination by ribosomes from any other cellular compartment (12, 13) . Thus, any confusion with the mitochondrial 16S rRNA, for example, is eliminated.
MATERIALS AND METHODS
Organism and Growth Conditions. E. gracilis, strain Z, was grown in 100-125 ml of defined medium with ethanol as carbon source (12) in the dark at 27°with limiting phosphate concentrations (15) . At densities of 1 to 1.5 X 106 cells per ml, cultures were supplemented with 10-25 mCi of carrierfree 32Pi and incubated in the light for 87-90 hr at 7.2 J m-2 sec-1.
Isolation of Chloroplasts. Chloroplasts were isolated as described (13) . All buffers were supplemented with heparin, rat liver RNase-inhibitor, and 2-mercaptoethanol to inhibit RNase activity (12) . Chloroplasts were lysed with 0.5% sodium deoxycholate, 0.5% sodium dodecyl sulfate, and 1% triisopropyl-naphthalene sulfonate.
Isolation of 16S Chloroplast rRNA. Table 1 shows statistically significant levels of these sorts of (hexamer and larger) coincidences, except possibly Rhodopseudomonas and the Vibrio-enteric group (four such), previously suggested to be distantly related for this reason (9) . It is reasonable to conclude, therefore, that the two examples of chloroplasts so far characterized do constitute the equivalent of a prokaryotic Genus, or perhaps, a Family.
(iii) The postulated relationship between the chloroplast and the blue-green algae (represented here by Anacystis nidulans) can also be seen. As Table 1 shows, four oligomers (hexamer or larger) are confined solely to these rRNAs. Another two (two) are found only in Anacystis and the chloroplast from Euglena (Porphyridium). Our results, together with those of Bonen and Doolittle (14) , indicate that the postulated common ancestor of (extant) blue-green algae and chloroplasts would have predated the common ancestor of the chloroplasts themselves. A larger sampling, however, of algae and chloroplasts is necessary to make this statement definitively, particularly in view of the results of Piggott and Carr (22) .
The present techniques of sequence comparison have been used previously to suggest that blue-green algae and the Bacillaceae are more closely related to one another than either group is to many of the other bacteria (9). This conclusion was based not only upon oligomer sequence commonality, but also upon a particular pattern of base modification found so far only in Bacillaceae and the blue-green algae (9) . § The Euglena chloroplast, at least, shares this characteristic modi- It is open to question, therefore, whether, both in kind and number, the constraints operative on organelle ribosomes are equivalent to those operating on the ribosomes of free-living prokaryotes. Functional chimeras can be formed between chloroplast and Escherichia coli 30S and 50S ribosomal subunits, indicating similarity between the two (23).
Here we can add two more points of similarity: (i) The chloroplast has retained the normal prokaryotic capacity to modify, post-transcriptionally, particular sequences. Although no specific roles have been assigned to these highly conserved sequences, it appears that they function in general in subtle ways in translation, a subtlety the chloroplast now can be said to share with its free-living counterparts (24, 25) .
(ii) Prokaryotic 16S rRNA appears to contain nine regions of high sequence conservation, six rather regularly spaced in the 3' half and three in the 5' half of the molecule (26) . Fig. 2 shows the "sequence conservation map" for E. coli 16S rRNA, upon which are placed those chloroplast oligomers common to the E. coli rRNA catalog. The majority of these common oligomers coincide with regions of high sequence conservation. Also, all such regions are well represented in the Euglena chloroplast 16S rRNA with the exception of region no. 6, which shows only one of its three characteristic oligomers. In the Porphyridium 16S RNA region, no. 6 is not at all, and region no. 3 may also be sparsely
In two respects, however, chloroplast 16S rRNA may not be typical of extant prokaryotes. All free-living prokaryotes examined exhibit a high degree of sequence homology near the 3' terminus of the 16S rRNA. Almost all have the sequence A-U-C-A-C-C-U... followed by two-four uridylate and several cytidylate residues before termination in the final AOH (refs. 21 and 27-29; Woese et al., unpublished). It has been suggested that this area of the molecule functions in initiation and/or termination of mRNA translation (through base pairing with specific sequences in the latter) (30) . The Euglena chloroplast 16S rRNA terminates in the sequence A-A-C-A-A-C-U-C-NoH, which is only vaguely reminiscent of the customary prokaryotic termination sequence. If the mRNA-recognition hypothesis is correct, it is possible then that the Euglena chloroplast ribosome is designed to recognize a different mRNA "index" and, so, a restricted class of mRNAs.
A surprising feature of the chloroplast rRNAs is that each lacks a relatively large number of those oligomers (Ti ribonuclease) considered to be very highly conserved, or "universal" (9, 26 Column A lists the sequences and approximate molar occurrence for all oligomers, pentamers and larger, present in Fig. 1 . The sequences of four large oligonucleotides containing >15 nucleotides including > 5 uridylate residues are as yet undetermined and so not included. An asterisk over a base indicates post-transcriptional modification. Hyphens are omitted for brevity.
Column B indicates whether a given oligomer is found in Porphyridium 16S RNA (14) ; column C, the same for Anacystis nidulans (11) ; column E, the same for Rhodopseudomonas spheroides (9 Illinois, 1975; refs. 8, 10, and 21) . In these cases + (+ +) indicates that one (two or more) copies of a given oligomer is in 80-100% of the organisms in the group; "p" indicates its presence in 50-80% of the organisms; "0" indicates its presence in less than 50% of the organisms in the group. Column G indicates the presence (+) or absence (0) of an oligomer in the 18S rRNA of yeast (Sogin, Sogin, Zablen, & Woese, unpublished). The "Comments" column indicates by "U" that an oligomer is "universal" in prokaryotes (9, 26) . Numbers indicate the position of an oligomer of that sequence in the overall E. coli 16S rRNA sequence (26)-see Fig. 2 , abscissa.
Space requirements of this journal do not permit publication of the data from which these sequences were derived. t Sequence not completely certain, but probable.
Euglena chloroplast contains three of the four "universal" oligomers missing in Anacystis (11). It is not possible to give a simple phylogenetic explanation of this phenomenon. It is our opinion that it may indicate that some of the constraints operative on the free-living prokaryotic ribosome are not operative on its chloroplast counterpart, thus causing or permitting otherwise "universal" sequences to change during evolution.
General Conclusion. The present data permit then, these general conclusions: The chloroplast 16S rRNA is clearly related structurally and, therefore, functionally, to prokaryotic 16S rRNA. Chloroplasts in a sense constitute a Genus or Family within the prokaryotes, and are related to the blue-green algae, perhaps also to the Bacillaceae. The data argue in favor of an endosymbiont origin for chloroplasts. The questions of when, how, or how often an archetype chloroplast formed an endosymbiotic relationship with "eukaryotic cytoplasm" remain unanswered. These questions can be approached, however, given comprehensive phylogenies of chloroplasts and blue-green algae on the one hand, and chloroplast-bearing cytoplasms and related organisms on the other.
Note Added In Proof. Bonen (26) are bracketed and numbered (above each).
either one of them (particularly Porphyridiurt) has in common with Anacystis or the Bacilli. However, one must distinguish between characteristics derived from the ancestor of an entire group and characteristics evolved during a particular line of descent. In the present instance, the widely distributed, "universal," oligomers tend to be of the former type, and oligomers confined to small groupings of organisms tend to be of the latter. Whereas absence of an otherwise universal oligomer in a particular line of descent could have little phylogenetic significance, the presence of a significant number of large oligomers unique to a small group of organisms must have strong phylogenetic significance. Given that at least 11 (7) pentamers (hexamers) or larger are unique to the two chloroplasts and neither chloroplast shares even half this number of (unique) oligomers when paired with any other of the above organisms, it is difficult not to conclude that the two chloroplasts constitute a distinct line of descent-i.e., are, as we have stated, (relatively) closely related to one another. In any case, it must be recognized that this problem is separate from that of single compared to multiple origin(s) of the chloroplast, and that sufficient data do not exist at this time to decide the latter issue.
